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When an organic semiconductor (OSC) is blended with an electron
acceptor molecule that can act as a p-type dopant, there should
ideally be complete (integer) transfer of charge from the OSC to the
dopant. However, some dopant—OSC blends instead form charge
transfer complexes (CTCs), characterized by fractional charge transfer
(CT) and strong orbital hybridization between the two molecules.
Fractional CT doping does not efficiently generate free charge carriers,
but it is unclear what conditions lead to incomplete charge transfer.
Here we show that by modifying film processing conditions in
the semiconductor—dopant couple poly(3-hexylthiophene):2,3,5,6-
tetrafluoro-7,7,8,8,-tetracyanoquinodimethane (P3HT:FATCNQ), we
can selectively obtain nearly pure integer or fractional CT phases.
Fractional CT films show electrical conductivities approximately
2 orders of magnitude lower than corresponding integer CT films,
and remarkably different optical absorption spectra. Grazing
incidence wide-angle X-ray diffraction (GIXD) reveals that fractional
CT films display an unusually dense and well-ordered crystal struc-
ture. These films show lower paracrystallinity and shorter lamellar
and n-stacking distances than undoped films processed under similar
conditions. Using plane-wave DFT we obtain a structure with unit cell
parameters closely matching those observed by GIXD. This first-ever
observation of both fractional and integer CT in a single OSC—dopant
system demonstrates the importance of structural effects on OSC
doping and opens the door to further studies.

Over the past decade, breakthroughs in the theoretical under-
standing of molecularly doped organic semiconductors' and
control of doped film morphology® have reinvigorated research
interest in doped organic semiconductors (OSCs). Doping is a
crucially important process in the design and fabrication of
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Conceptual insights

Doping is a fundamental tool in semiconductor engineering, yet is still
poorly understood in organic semiconductors (OSCs). Two different doping
mechanisms have been observed in OSCs—integer charge transfer and
fractional charge transfer—corresponding to the amount of charge
exchanged between the OSC and each dopant molecule. All OSC:dopant
systems studied to date exclusively display either fractional or integer CT,
regardless of doping level or processing conditions. Puzzlingly, structurally
similar OSCs (e.g. polythiophenes vs. thiophene oligomers) sometimes
dope by different mechanisms." Although intramolecular hybridization
between the dopant and OSC molecular orbitals should be an important
factor, it is currently impossible to predict which mechanism will be active
in a given OSC:dopant system. Here we observe for the first time both
fractional and integer CT in a single OSC:dopant system. Both phases
exist as well-ordered crystalline polymorphs, can be fabricated at identical
doping levels at high purity, and can be interconverted by solvent
exposure. In addition to providing a much needed model system for
future comparative studies, these results suggest that molecular structure
(i.e. intermolecular hybridization) alone does not determine the degree
of charge transfer, and that ionic lattice packing (Madelung energy),
charge delocalization, and/or dimerization could conceivably play equally
important roles.

electronic devices. Doped OSCs find applications as active
layers in organic thermoelectrics, as carrier-selective transport
layers in organic light emitting diodes and photovoltaics,”> and
in several areas of organic thin-film transistors.® Unfortunately,
doping most OSCs is non-trivial; many OSCs are unaffected by
molecular dopants, even with favorable energy-level alignment.
This behavior is poorly understood and limits device applications.

One significant issue, identified by the Koch group in a string
of recent papers,”’™'° is that two distinct doping mechanisms
exist. In systems displaying relatively efficient doping, such
as the semiconducting polymer poly(3-hexylthiophene) (P3HT)
blended with the p-type molecular dopant 2,3,5,6-tetrafluoro-
7,7,8,8,-tetracyanoquinodimethane (FATCNQ), doping results in
ion pair (IP) formation. This mechanism is characterized by
integer charge transfer (CT) from the polymer to the dopant
molecule and little hybridization between the molecular orbitals
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(MOs) of the OSC and dopant. However, in the structurally
similar oligomer quaterthiophene, doping with FATCNQ pro-
duces charge transfer complexes (CTCs), characterized by frac-
tional charge transfer to the dopant and strong hybridization
between the OSC and dopant MOs."*° CTCs must thermally
dissociate into free charge carriers,"” and therefore show lower
carrier density and electrical conductivity than systems that
dope by IP formation.”*°

Currently, it is not possible to predict whether CTC or IP
formation will occur in a given OSC:dopant system. It is also
unclear why CTC formation is not a general phenomenon, given
that DFT simulations predict strong orbital coupling between
0SC and dopant."™"* Previous work suggests that IP vs. CTC
formation might be controlled by dopant strength." However,
charge localization, e.g. on the donor subunit of donor-acceptor
polymers,’®**!* or on small molecule OSCs’® may also
encourage CTC formation. Increased disorder upon doping,
as observed in pentacene:FATCNQ, could also play a role.”*”
However, our understanding of what controls CTC formation
has been hampered by the fact that experimentally, a given OSC
always forms either CTCs or IPs, regardless of dopant molecule
or concentration.'”

In this communication, we describe a P3HT:FATCNQ crystal-
line polymorph which gives rise to CTC formation, but can be
subsequently converted to the standard IP polymorph by solvent
exposure. This is the first observation of selective CTC or IP
formation in a single OSC:dopant system. P3HT:FATCNQ is
already a model system in the study of doping; we expect studies
of this unexpected fractional CT polymorph to help refine our
understanding of doping interactions.

Fig. 1a shows UV-vis-NIR spectra of several P3HT films doped
with 13 mol% FATCNQ prepared using the mixed-solution
method, in which the P3HT and FATCNQ solutions are mixed
before spin-coating.’® Doping strongly reduces the solubility of
P3HT,"” therefore mixed P3HT:FATCNQ solutions are generally
suspensions'® and must be processed at low concentrations
and elevated temperatures to prevent large-scale aggregation or
gelling."®™®2" Although this is the primary method used to
prepare P3HT:FATCNQ films in the literature, we were none-
theless surprised to discover that if the P3BHT:FATCNQ mixed
solution is kept solvated throughout the coating process by
heating the solution, pipette tips, and substrates to 80 °C, the
resulting films bear little resemblance to those previously
reported.

A spectrum of one of these films is shown in blue in Fig. 1a.
This film clearly lacks spectral signatures from either FATCNQ,
FATCNQ® ", or P3HT and cannot be generated by a linear com-
bination of neutral and ionized species, strongly suggesting
that orbital hybridization (i.e. CTC formation) is occurring. At
first glance, the strong absorption band at 2.0 eV might appear
to be a red-shifted absorption band of neutral P3HT. However,
this is not the case. Almost no neutral FATCNQ is present in these
samples, as confirmed by the FTIR spectrum in Fig. 1b. This
observation, along with past studies showing 17 mol% FATCNQ
doping fully bleaches the P3HT n-n* band,"®"®*” indicates that
little neutral P3HT remains in the film. The absorption features
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Fig. 1 (a) UV-vis-NIR of P3HT:FATCNQ 13 mol% thin films spin-coated
from mixed solution using pre-heated substrates and glass pipettes.
Spectra of an undoped P3HT film and acetonitrile solutions of FATCNQ
and FATCNQ* ™ are shown for reference. Film samples are between 35 and
38 nm thick. (b) Detail of thin-film FT-IR spectra showing the —CN stretch
region of FATCNQ. Peak position and calculated degree of charge transfer
(9) is shown above.

at ~1eV, 2.0 eV, and 3.4 eV are also broadly consistent with those
predicted by DFT simulations of thiophene oligmer:FATCNQ
complexes.* Therefore, the spectrum shown here in blue instead
appears to result from a P3HT:FATCNQ CTC.

We can rule out the possibility of a chemical reaction, such
as thermal decomposition of FATCNQ, because exposure to
chlorobenzene (CB) converts the film to the normally observed
state (green line). Note that P3HT:FATCNQ films are insoluble
in CB above ~3 mol% F4TCNQ loading."” The CB exposed
spectrum is similar to an as-cast film processed at a lower
temperature (60 °C, gray line) and previous reported spectra of
PSHT:F4TCNQ‘9,16718,21,22,24,25

Tetracyanoquinodimethanes (TCNQs) undergo a softening
of the -CN stretch vibrational band upon ionization.”'"?®
In neutral FATCNQ this band appears at 2227 cm ™" (Fig. 1b,
orange line), and undergoes a linear shift to 2194 cm ™" as the
degree of charge transfer (§) goes to 1.”° Therefore, Fourier
transform infrared (FTIR) spectroscopy is often used to experi-
mentally measure ¢ and to determine whether doping is occurring
via CTC or IP formation."*®° In P3HT:FATCNQ 17 mol% processed

This journal is © The Royal Society of Chemistry 2018
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at 80 °C (Fig. 1b, blue line), the —CN stretch occurs at 2207 cm ™,
corresponding to é = 0.6. This observation confirms that CTC
formation is occurring in the 80 °C film. After CB exposure,
the -CN stretch shifts to 2194 em™ . This matches previously
reported spectra for P3BHT:FATCNQ, indicating integer CT and
IP formation.’

The fractional CT phase seen in the 80 °C processed films is
very sensitive to film casting conditions. We are only able to
reliably obtain the nearly pure fractional CT films shown in
Fig. 1 using low molecular weight P3HT (25 kDa) and composi-
tions between 13 mol% and 17 mol% F4TCNQ. Atomic force
microscopy of the fractional CT films (ESI,} Section S3) reveals
significantly more phase separation at 17 mol% than 13 mol%,
suggesting that the CTC phase has a well-defined stoichiometry
near 13 mol% F4TCNQ. Film processing details are provided in
the ESL.¥

Electrical conductivity measurements are shown in Table 1.
As expected for CTC mediated doping, the fractional CT films
show lower conductivity than typically observed in integer CT
films.'®'®22%7 After CB exposure to convert the films to the
integer CT phase, the conductivities increase 2 orders of magni-
tude to values consistent with previous reports.'®'#***” However,
since the pure CTC phase should behave as an undoped
material,” it is unclear whether the fractional CT phase conduc-
tivity values represent the intrinsic conductivity of the phase, or
are affected by neutral polymer/dopant impurities. The somewhat
higher conductivity observed in the 13 mol% fractional CT
sample may also be due to residual integer CT phase impurities,
which become visible in UV-vis-NIR spectra at lower doping levels
(see ESLt Section S3) and would dominate the measurement if
present due to their higher conductivity.

To characterize the film microstructure giving rise to this
unusual doped phase, we collected grazing-incidence wide-
angle X-ray diffraction (GIXD) patterns of thin films prepared
identically to those shown in Fig. 1a. All films were between
35 and 38 nm thick and coated from similar solution concen-
trations at identical spinning speed to minimize the role of film
processing conditions on microstructure. Shortly after coating,
the films were cooled to —78 °C to prevent further microstruc-
tural evolution during transport. Therefore, the differences in the
2D-GIXD images shown in Fig. 2 should primarily result from
interactions between the polymer and dopant during coating.

The GIXD data in Fig. 2a reveal that the fractional CT films
are composed of a new crystalline polymorph distinct from
both undoped P3HT (Fig. 2d) and integer CT P3HT:FATCNQ
(Fig. 2c). Both the lamellar (100) and m-n (010) stacking
distances of the fractional CT phase are significantly smaller

Table 1 In-plane conductivity (S cm™) for P3HT:F4ATCNQ films doped at
13 mol% and 17 mol%
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Fig. 2 Grazing-incidence X-ray diffraction (GIXD) patterns for P3HT:FATCNQ
13 mol% thin films prepared identically to those shown in Fig. 1a.

than in undoped P3HT or integer CT phase P3HT:F4TCNQ, as
shown in Fig. 3a. Previously studied (integer CT) P3HT:FATCNQ
films showed an increase in the lamellar (100) spacing, along
with a splitting of the n-stacking (010) peak, consistent with the
60 °C and 80 °C CB exposed films shown in Fig. 2b and ¢.”*%*°

We also observe increased crystalline order in the fractional
CT films. As shown in Fig. 3b, the fractional CT phase shows a
longer n-n (010) coherence length and lower paracrystallinity
than the other samples, including undoped P3HT. Additionally,
the fractional CT films show stronger edge-on texture than other
films. These effects likely result from favorable ionic interactions
in the n-stacking direction. Raman spectroscopy (ESL} Section S7)
corroborates these findings. Previous Raman studies have shown
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Fig. 3 (a) (100) and (010) plane spacings obtained from GIXD data in
Fig. 2. Dotted lines indicates unit cell volume relative to undoped P3HT.
(b) Coherence length and paracrystallinity in the n-stacking [010] direction,
obtained from data in Fig. 2.
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a red-shift of the C—C peak in integer CT P3HT:FATCNQ, which
was assigned to polymer backbone planarization.'>**7° we
observe a similar red-shift in the fractional CT phase, indicating
a comparable increase in backbone planarity.

The increased order in the fractional CT phase relative to
the integer CT phase indicates that in this system, fractional
charge transfer does not originate from disorder-induced
charge localization.”®° Therefore, some change in the crystal
structure must be directly affecting the degree of charge transfer.

To better understand the atomic-scale structure of these
polymorphs, we performed plane-wave DFT structural mini-
mizations for several candidate crystal structures (see ESL ¥
Section S8) corresponding to both the integer and fractional
CT phases. Fig. 4 shows a structure obtained from an uncon-
strained plane-wave DFT simulation that is remarkably consis-
tent with the experimental unit cell dimensions obtained from
GIXD (Table 2). In this structure, the short lamellar stacking
distance is possible due to a shift in the stacking order of
adjacent lamella, creating an “interlocked” side chain arrange-
ment in which the dopant molecule is flanked by side chains
from adjacent polymers. This was the only structure which
showed lamellar stacking distances consistent with the frac-
tional CT GIXD results. Therefore, it seems likely that the
fractional CT phase adopts this type of interlocked packing
motif.

Fig. 4 Plane-wave DFT structure corresponding to the fractional CT phase,
viewed (a) parallel to the polymer chains, and (b) parallel to the lamellar
stacking direction. The simulation contains 6 P3HT monomers per FATCNQ
molecule, equivalent to 14.2 mol% doping.

Table 2 Unit cell parameters for the fractional CT phase obtained from
GIXD and DFT

Direction GIXD (A) DFT (A)
a [100] (lamellar) 13.57 13.58
b [010] (n-m) 3.48 3.51

658 | Mater. Horiz.,, 2018, 5, 655-660
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DFT has not been shown to quantitatively predict the degree
of charge transfer,"* likely due to a combination of charge
localization errors®* and small unit cell sizes which inadequately
capture long-range structure.*” These issues are compounded in
plane-wave DFT, where periodic boundary conditions results in
valence orbital delocalization over the entire material.”® All
structures we simulated showed fractional CT (0 < 0.6); detailed
results are given in ESI,} Section S8.

Given the limitations of DFT, we intentionally limit our
analysis of these results. However, some insights about charge
distribution can be gained from the literature of organic charge
transfer salts, which share many similarities with doped OSCs.**
Pressure-dependent neutral-ionic phase transitions have been
observed in CT salts, where an increase in the Coulombic
interaction between the hole/dopant and the surrounding ionic
lattice (called the Madelung energy) as the unit cell is com-
pressed causes an increase in CT.** Counterintuitively, we
observe the opposite dependence in our system—denser packing
in P3HT:FATCNQ leads to a decrease in CT.

Theoretical models of these systems predict that a reduction
in either the Madelung energy or the CTC transfer integral
could decrease the degree of CT.***” Both of these factors could
result from changes in hole delocalization on the polymer,
which is not considered in these theories. However, charge
localization in the fractional CT phase doesn’t appear to
adequately explain our results. Increased order in the fractional
phase, as seen in GIXD (Fig. 3) and Raman (ESL Section S7),
should instead prompt more charge delocalization and a greater
degree of CT. Alternatively a reduction in Madelung energy, driven
by repulsive interactions along the shortened lamellar stacking
direction, could conceivably give fractional CT. However, due to
the aforementioned delocalization concerns we do not attempt
such a calculation here.

We observe one last feature in our DFT structures worth
noting. In the structure shown in Fig. 4, the FATCNQ molecules
seem to be interacting with both adjacent P3HT chains (i.e.
non-dimerized), while in other proposed integer CT structures
(Fig. S13 and S14, ESIt and previous work by Harrelson et al.>®)
each FATCNQ molecule is associated primarily with a single
P3HT chain (i.e. dimerized). It is possible that interactions from
both adjacent FATCNQ molecules may be acting to localize
charges on the polymer, increasing the transfer integral. Dimer-
ization effects of this type have been routinely observed in the
context of charge transfer salts, where dimerization or Peierls
transitions often occur alongside neutral-ionic transitions,>*¢%*!
Interestingly, one of these models®® identifies a region which is
non-dimerized but remains ionic. This region corresponds to an
area in which charge transfer is exothermic (HOMOp, < LUMO,,
as in P3HT:FATCNQ) but the Madelung energy is small. The
degree of charge transfer in this region is less than 1, but an
increase in Madelung energy should result in a system with
nearly integer CT and a dimerized lattice, consistent with our
results.>® However, we note that this model neglects the coupling
between donor units (as would be the case for a p-type doped
polymer), and considers only nearest neighbor ionic inter-
actions. Theoretical models of these systems show a range of

This journal is © The Royal Society of Chemistry 2018
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complex behavior.***”**** Further experimental, computational,
and theoretical work will be necessary to understand the precise
role crystal structure plays in doping interactions.

Incomplete charge transfer is a major barrier to efficient
doping in OSCs, but the factors controlling charge transfer are
poorly understood. We have identified a polymorph of the well
studied P3HT:FATCNQ system that displays fractional charge
transfer, but reverts to the typically observed integer CT phase
upon exposure to solvent. This is the first OSC:dopant system
which selectively displays both fractional and integer CT, and
opens the door to further experimental and computational
studies on the role crystal structure plays in controlling doping
efficiency.
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